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Abstrat
We evaluate the eet of the bottom-quark mass on resummed transverse momentum (qT ) distri-
butions of supersymmetri Higgs bosons at the Tevatron and LHC. The mass of the bottom quark
ats as a non-negligible momentum sale at small qT and aets resummation of soft and ollinear
radiation in this region. The improved treatment of the b-quark mass and kinematial eets leads
to observable modiations in the resummed preditions for both olliders.
PACS numbers: 12.15.Ji, 12.38 Cy, 13.85.Qk
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I. INTRODUCTION
Understanding the nature of eletroweak symmetry breaking is the entral hallenge
for high-energy physis. The searh for Higgs bosons, assumed to be responsible for the
generation of gauge-boson and fermion masses, is the primary task for the existing and
future olliders.
The Higgs setor may be represented by one omplex salar doublet, as it is eonomially
realized in the Standard Model (SM), or by two or more doublets, as it takes plae in
the Minimal Supersymmetri Standard Model (MSSM) and its extensions. An important
feature of MSSM is that, for large values of tanβ, the Yukawa ouplings of the b-quarks to
the neutral Higgs bosons H (where H = h, H , or A) are strongly enhaned ompared to the
SM bb¯HSM Yukawa oupling. Consequently, prodution of supersymmetri Higgs bosons in
bb¯ fusion an have a large ross setion in supersymmetri extensions of the Standard Model
[1, 2, 3, 4, 5℄.
The partoni proesses ontributing to the inlusive Higgs boson prodution with en-
haned bb¯H oupling are represented by (a) bb¯ → H; (b) gb → Hb; and () gg →
bb¯H sattering. The three proesses (a,b,) all give rise to the same hadroni nal
states, with two B-mesons appearing in dierent, but overlapping, regions of phase
spae. The distintion between the three proesses depends very muh on the fatoriza-
tion sheme adopted for the QCD alulation, as has been reently reviewed in Ref. [6℄.
The Hbb¯ proesses have been extensively studied reently in SM and MSSM senar-
ios [7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18℄.
As shown in Refs. [19, 20℄, the orret model for the transverse momentum distribution
of the Higgs boson is ruial for unambiguous reonstrution of the Higgs boson mass in
the H → ττ deay hannel. It is also important for disriminating the signal events from
the bakgrounds by examining the qT distribution of the Higgs boson in Hbb¯ assoiated
prodution, followed by H → bb¯ deay [21℄. The transverse momentum (qT ) distributions of
Higgs bosons may be sensitive to the mass mb of the bottom quark when qT is omparable
to mb. In Refs. [22, 23℄ , we study the eet of the initial-state multiple parton radiation
and heavy-quark masses on the transverse momentum distribution in the bb¯ → H proess.
Here we summarize the results of those two papers.
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II. TRANSVERSE MOMENTUM RESUMMATION FOR MASSIVE QUARKS
The resummed dierential ross setion for inlusive prodution of Higgs bosons in sat-
tering of initial-state hadrons A and B takes the form [24℄
dσ
dQ2dydq2T
=
∫ ∞
0
bdb
2pi
J0(qTb)W (b, Q, xA, xB, mb) + Y (qT , Q, y,mb), (1)
where y is the rapidity of the Higgs boson, xA,B ≡ Qe±y/
√
S are the Born-level partoni
momentum frations, S is the square of the enter-of-mass energy of the ollider, and J0(qTb)
is the Bessel funtion. The resummed form fator W is given in impat parameter (b) spae
and fatorizes as
W (b, Q, xA, xB, mb) =
pi
S
∑
j,k
σ
(0)
jk e
−S(b,Q,mb) P j/A(xA, b, mb) Pk/B(xB, b, mb), (2)
where the summation is performed over the relevant parton avors j and k. Here, σ
(0)
jk is a
produt of the Born-level prefators, e−S(b,Q,mb) is an exponential of the Sudakov integral
S(b, Q,mb) ≡
∫ Q2
b2
0
/b2
dµ¯2
µ¯2
[
A(αs(µ¯), mb) ln
(Q2
µ¯2
)
+ B(αs(µ¯), mb)
]
, (3)
with b0 ≡ 2e−γE ≈ 1.123, and Pj/A(x, b, mb) are the b-dependent parton distributions for
nding a parton of type j in the hadron A. In the perturbative region (b2 ≪ Λ−2QCD), the
distributions Pj/A(x, b, mb) fatorize as
Pj/A(x, b, mb)
∣∣
b2≪Λ−2
QCD
=
∑
a=g,u,d,...
∫ 1
x
dξ
ξ
Cj/a(x/ξ, b, mb, µF ) fa/A(ξ, µF ) (4)
into a onvolutions of the Wilson oeient funtions Cj/a(x, b, mb, µF ) and kT -integrated
parton distributions fa/A(ξ, µF ). The Sudakov exponential and b-dependent parton den-
sities resum ontributions from soft and ollinear multi-parton radiation, respetively.
Y ≡ PERT − ASY is the dierene between the nite-order ross setion (PERT) and
its asymptoti expansion in the small-qT limit (ASY).
The Higgs ross setions depend on the mass mb of the bottom quark. The distributions
Pj/A(x, b, mb) for the heavy quarks (j = c, b) annot be reliably evaluated at all impat
parameters if a onventional fatorization sheme, suh as the zero-mass variable-avor
number (ZM-VFN, or massless) sheme, is used. The reason is that mb ats as an additional
large momentum sale, whih, depending on the value of b, introdues large logarithms
lnn(mbb) or non-negligible terms ∝ (mbb)n. The situation enountered here is reminisent
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Figure 1: The bottom-quark distributions Pb/p(x,b,mb) in the proton vs. the impat parameter b.
The solid and dashed urves orrespond to the S-ACOT and massless (ZM-VFN) fatorization
shemes, respetively.
of the heavy-quark ontributions to the DIS struture funtions Fi(x,Q
2), whih are not
adequately desribed by the onventional fatorization shemes at either small or large mo-
mentum transfers Q2 (see, for instane, [25℄). To work around this ompliation, Ref. [26℄
proposed to formulate the CSS formalism in a general-mass variable avor number (GM-
VFN) sheme [27℄, whih orretly evaluates the heavy-quark mass eets at all momentum
sales. Among all GM-VFN fatorization shemes, the S-ACOT sheme [27, 28℄ was found
to be well-suited for the eient alulation of the CSS resummed ross setions. In parti-
ular, in this heavy-quark CSS (CSS-HQ) formalism [26℄ the dependene on mb is dropped
in all O(αs) terms in Eq. (1) exept for Pb/A(x, b, mb).
The dependene of the bottom-quark parton density Pb/p(x, b, mb) on the impat param-
eter is shown in Fig. 1. The ZM-VFN parton density Pb/p(x, b, mb) is not properly dened
below the threshold µF = mb (or above b = b0/mb). It was ontinued to large b in the pre-
vious alulations using an eetive ZM-VFN approximation desribed in Ref. [22℄. The
S-ACOT parton density Pb/p(x, b, mb) is well-dened at all b. It redues to the ZM-VFN
result at b ≪ b0/mb and is strongly suppressed at b ≫ b0/mb. The suppression is aused
by the deoupling of the heavy quarks in the parton densities at µF muh smaller than mb
(b muh larger than b0/mb). Consequently the impat of the non-perturbative ontributions
from b & 1 GeV−1 is redued in the heavy-quark hannels ompared to the light-quark
hannels.
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Figure 2: Transverse momentum distribution of on-shell Higgs bosons in the bb¯ → H hannel
at (a) the Tevatron and (b) LHC. The solid (red) lines show the qT distribution in the massive
(S-ACOT) sheme. The dashed (blak) lines show the distribution in the massless (ZM-VFN)
sheme. The numerial alulation was performed using the programs Legay and ResBos [29, 30℄
with the CTEQ5HQ1 parton distribution funtions [31℄. The bottom quark mass is taken to be
mb = 4.5 GeV.
The massless (ZM-VFN) alulation therefore underestimates the true behavior at
b > 0.1 GeV−1 and small qT . This eet an be seen in Fig. 2, whih displays dσ/dqT for
bb¯→H boson prodution at (a) the Tevatron and (b) LHC.1 At the Tevatron, the qT max-
imum shifts in the ZM-VFN approximation to larger qT by about 2 GeV out of 11.7 GeV
(about 17%). For a Higgs mass MH = 200 GeV, the maximum of dσ/dqT shifts by about
1.9 GeV out of 12.7 GeV. At the LHC, the dierene between the ZM-VFN and S-ACOT
alulations is smaller ompared to the Tevatron, beause the inuene of the b > 0.1GeV−1
region is redued at smaller momentum frations x probed at the LHC [32℄. The maximum
of the qT distribution shifts in the ZM-VFN approximation by about 1.3 GeV (9% out of
14.1 GeV) to larger qT . The results for other Higgs masses an be found in Ref. [22℄.
1
Fig. 2 does not speify the overall normalization of qT distributions. It is valid for both Standard Model
and supersymmetri Higgs bosons, sine at leading order the supersymmetri result an be obtained by
resaling the Standard Model bb¯HSM oupling: g
MSSM
bb¯{h,H,A}
= {− sinα, cosα, sinβ γ5}gSMbbH/cosβ. The net
eet of mb on qT distributions will be the same for the SM and MSSM Higgs bosons, up to an overall
normalization onstant.
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Figure 3: qT distributions for prodution of 100 GeV CP-odd Higgs bosons A via bb¯ fusion in the
Tevatron Run-2. The solid and dashed urves orrespond to the lowest-order W -term W (1, 1, 0)
(with funtions A(αs(µ¯)) and B(αs(µ¯)) evaluated at O(αs)) and PYTHIA.
III. NUMERICAL COMPARISON WITH PYTHIA
The full qT dependene of the bb¯ → H proess is aeted by onstraints on phase spae
available for QCD radiation (less relevant at small qT ). We illustrate the interplay of various
eets by omparing the CSS-HQ resummation to the PYTHIA Monte Carlo program [33℄.
We fous on prodution of the CP-odd Higgs partile A for tan β = 50 (preditions for the
other Higgs bosons an be obtained by resaling the bb¯A oupling).
As ompared to the CSS-HQ formalism, the PYTHIA alulation does not inlude on-
tributions generated from the C-funtions and Y -term, and it evaluates the soft parton
ontributions at O(αs). Therefore, we start by omparing the PYTHIA qT distribution to
the resummed W -term W (1, 1, 0) in Eq. (1), with the funtions A, B, and C in Eqs. (3), (4)
being evaluated at orders αs, αs, and α
0
s, respetively. The orders of αs in A, B, and C are
shown as the arguments of W (1, 1, 0).
It is evident from Fig. 3 that the shapes of W (1, 1, 0) and PYTHIA qT distribution
are very dierent, though the integrated rates (i.e., the areas under the two urves) are
about the same. The qT distribution from PYTHIA is narrower and peaks at lower qT than
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W (1, 1, 0). The large disrepany between the two urves is in ontrast to the ase ofW and
Z prodution via light-quark sattering, where the above two alulations predit similar,
though not idential, qT distributions [29℄.
A loser examination reveals that additional features must be implemented in the re-
summed ross setion in order to reliably desribe the qT distributions of Higgs bosons
produed via bb¯ fusion.
• The kinematial eets aount for a large part of the disparity between W (1, 1, 0)
and PYTHIA. The bottom-quark PDF is a rapidly dereasing funtion of x in the
probed range of x. Consequently, approximations for the true partoni kinematis
(espeially those made for the light-one momentum frations x) may have a strong
impat on the rate of bb¯ sattering. This feature should be ontrasted to the behavior
of the light-quark PDF's in W and Z prodution, whih inlude a substantial valene
omponent and vary slower with x. As a result, the kinematial approximations are
less onsequential in the W and Z ase.
When PYTHIA generates QCD radiation, the kinematial distributions of the
nal-state partiles, inluding the quarks and gluons from the QCD showering, are
modied to satisfy energy-momentum onservation at eah stage of the showering.
In the resummation alulation, information about the exat parton kinematis is
inluded in the nite-order term (PERT). The resummed ross setion is therefore
expeted to be loser to PYTHIA one the O(αs) nite term, PERT(1)-ASY(1), is
inluded. In the W (1, 1, 0) alulation, the emitted gluons are assumed not to arry
any momentum at all in the soft limit. To ompensate for small, but nonzero energy
of the soft gluon emissions, we introdue a kinematial orretion (KC) in the W
and ASY terms. This orretion modies the minimal values of partoni momentum
frations xA and xB in order to aount for redution of phase spae available for
ollinear QCD radiation at large qT .
• The lowest-order ross setionW (1, 1, 0) does not evaluate eets of the bottom-quark
mass, whih is rst inluded in the C-funtion of order αs. Also, additional, though
not omplete, O(α2s) ontributions arise in the Sudakov form fators inside PYTHIA
when the next-to-leading order PDF's are used. To aount for both features, we
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(a) (b)
Figure 4: Comparison of qT distributions predited by TOT(1), PERT(1) and PYTHIA, for Higgs
boson produed via bb¯ fusion at (a) the Tevatron Run-2 and (b) LHC, for MA =100 and 300 GeV
respetively.
evaluate the W term at one higher order (2,2,1) and inlude the mb dependene using
the CSS-HQ sheme.
Thus, our full predition TOT(1) is obtained by adding W
CSS-HQ
KC
(2,2,1) (evaluated
in the CSS-HQ formalism with the kinematial orretion) and PERT(1), and subtrating
ASY
KC
(1). It is shown for MA = 100 GeV at the Tevatron in Fig. 4(a) and MA = 300 GeV
at the LHC in Fig. 4(b). TOT(1) (solid line) is ompared to the xed-order predition
PERT(1) (dashed) and the PYTHIA predition (dot-dashed). As one an see, the results
for Tevatron and LHC are qualitatively similar. TOT(1) is loser to the PYTHIA predition
thanW (1, 1, 0), though the two distributions are not idential. The PYTHIA qT distribution
peaks at lower qT than TOT(1). In the large qT region, the TOT(1) rate is larger than the
PYTHIA rate.
Finally, Fig. 5 shows the integrated ross setion as a funtion of the minimal qT in the
alulation for the Tevatron (left) and LHC (right). This is another way to illustrate the
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Figure 5: Comparison of the integrated rates, dedued form Fig. 4, as a funtion of the minimal qT
value taken in the integration over qT at the Tevatron Run-2 (left) and LHC (right) for MA =100
and 300 GeV, respetively.
dierenes in the shapes of qT distributions obtained in the resummation, xed-order, and
PYTHIA alulations.
IV. CONCLUSION
Multiple parton radiation in b-quark sattering is onspiuously sensitive to eets of
large bottom-quark mass mb and phase-spae onstraints on ollinear emissions. Both mb
dependene and phase-spae dependene tangibly modify the shape of Higgs qT distributions
in the bb¯→H proesses. The two types of eets were onsistently implemented within the
CSS resummation formalism for heavy-quark sattering [22, 23, 26℄, realized in a massive
(GM-VFN) fatorization sheme. These orretions at on dierent qT regions. When the
dependene on mb is taken into aount, the position of the peak in the dσ/dqT distribution
shifts to a lower qT value, leaving the rate at large qT essentially unhanged. The kinematial
orretion is eetive in the high-qT region, where it largely redues the Higgs prodution
rate. As a result, we obtain an improved predition for the full qT spetrum of Higgs bosons,
9
an important piee of information needed for the future Higgs searhes.
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